Degenerately doped semiconductor nanocrystals (NCs) exhibit a localized surface plasmon resonance (LSPR) in the infrared range of the electromagnetic spectrum. Unlike metals, semiconductor NCs offer tunable LSPR characteristics enabled by doping, or via electrochemical or photochemical charging. Tuning plasmonic properties through carrier density modulation suggests potential applications in smart optoelectronics, catalysis and sensing. Here, we elucidate fundamental aspects of LSPR modulation through dynamic carrier density tuning in Sn-doped In 2 O 3 (Sn:In 2 O 3 ) NCs. Monodisperse Sn:In 2 O 3 NCs with various doping levels and sizes were synthesized and assembled in uniform films. NC films were then charged in an in situ electrochemical cell and the LSPR modulation spectra were monitored. Based on spectral shifts and intensity modulation of the LSPR, combined with optical modelling, it was found that often-neglected semiconductor properties, specifically band structure modification due to doping and surface states, strongly affect LSPR modulation. Fermi level pinning by surface defect states creates a surface depletion layer that alters the LSPR properties; it determines the extent of LSPR frequency modulation, diminishes the expected near-field enhancement, and strongly reduces sensitivity of the LSPR to the surroundings.
D egenerately doped semiconductor nanocrystals (NCs) display unique localized surface plasmon resonance (LSPR) properties, where, unlike metals, the carrier density is tunable over several orders of magnitude (10 18 -10 21 cm −3 ) 1-3 . Such flexibility in carrier concentrations allows the LSPR frequency (ω LSPR ) to be varied broadly from the visible through the mid-infrared (IR) spectrum. Tunability of ω LSPR originates from excess electronic charge associated with charged defects such as oxygen vacancies 4 and aliovalent dopants [5] [6] [7] , redox and photochemical charging 8, 9 , or electrochemical modulation [10] [11] [12] [13] [14] in NC films. LSPR of metal oxide NCs has been leveraged for numerous applications such as in smart windows 13, 14 , optoelectronics 15 , sensing 16 and catalysis 17 .
The LSPR in semiconductor NCs is commonly modelled as the Drude response of free carriers, as in metals [18] [19] [20] . The underlying assumption behind such treatment is that once the semiconductor is degenerately doped, the effects of the band structure on the LSPR properties can be neglected. Although this is a reasonable assumption for describing the dielectric function and associated optical properties of bulk materials, the near-surface electronic structure of semiconductors is known to be substantially modified due to the presence of surface defects, surface trap states, and interaction with surface-bound molecules. It has been demonstrated that surface traps modify optical transitions, such as exciton and interband transitions, impacting optical properties such as photoluminescence and two-photon upconversion [21] [22] [23] . Native surface states or an externally applied potential can pin the Fermi level at the surface potential, leading to the formation of a depletion or accumulation layer near the surface of semiconductor NCs in which the charge carrier density differs markedly from that far from the surface 24, 25 . Surface depletion or accumulation results in a spatial gradient in carrier concentration, leading to a spatially varying dielectric function. Such band diagram modifications and their effect on plasmonic properties have been studied in degenerately doped semiconductor thin films such as Sn:In 2 O 3 , but their impact has not yet been analysed in NCs 26 . In NCs, due to high surface-to-volume ratio, the influence of surface perturbation on LSPR properties is expected to be even more significant.
Colloidally synthesized NCs such as Sn:In 2 O 3 (ref. 6 ), CuTe 2−x (ref. 27 ), or CuS 2−x (ref. 28 ) are some of the semiconductor systems that have been studied for LSPR-based applications such as sensing 29 , catalysis 17 , surface-enhanced infrared absorption spectroscopy (SEIRA) 30 , and smart windows 13 . We anticipate that the efficacy of NC materials for applications such as smart windows or remote sensing 29 , where the dynamic LSPR modulation is achieved by electrochemically or chemically changing the Fermi level, E F , will depend on the extent of surface depletion as a function of NC size and doping level. Contradictory reports in the literature on dynamic LSPR modulation in metal oxide NCs either offer a qualitative description of LSPR frequency modulation based on the Drude model 9,10,31 (ignoring any depletion effects) or offer a qualitative, simplified description of how depletion could be responsible for minimal shifts of the LSPR frequency 32 . Additionally, for applications such as sensing, a much lower sensitivity of ω LSPR to the dielectric constant of the surrounding medium has been observed compared to expected shifts 33 . Qualitatively, the presence of a depletion layer near the NC surface may be expected to reduce the sensitivity of NC LSPR to the changes in the surrounding dielectric environment, but this effect has typically been ignored while analysing such systems.
In this work, we investigate the effects of surface depletion on the plasmonic properties of doped semiconductor NCs. First, the surface potential, which governs the band bending (band-bending potential, V bb , is defined as the difference between the flat-band Fermi level, E F,fb , and the surface potential, E s ) was controlled electrochemically and the resultant changes in LSPR were monitored using in situ Fourier transform infrared (FTIR) spectroscopy. Second, LSPR sensitivity to changes in the surrounding dielectric medium was measured as a function of NC size and dopant concentration. For this purpose, Sn:In 2 O 3 , a well-studied plasmonic semiconductor, was chosen as a model system for the following reasons. First, the chemistry of Sn:In 2 O 3 NC synthesis is well established, which enabled us to systematically vary the doping level and size of the NCs. Second, Sn:In 2 O 3 is a technologically relevant material for applications including opto-electronics 15 , smart windows 13, 34 and sensing 30 . Additionally, metal oxide NCs are well known to possess surface defect states due, at least in part, to the presence of surface hydroxyl groups; these defect states define the Fermi level at the surface 12, 26 . Using a combination of in situ FTIR spectroelectrochemistry (FTIR SEC), solvent dielectric sensitivity assessment, and computational modelling of the electron distribution and LSPR modulation, we establish a systematic relationship between the band bending and the LSPR properties of Sn:In 2 O 3 NCs. We find that, by varying the size and doping level of the Sn:In 2 O 3 NCs, the extent of modulation in the LSPR intensity and frequency can be fully explained by the formation of a dynamic depletion layer near the NC surfaces. Further, we demonstrate, in a plasmonic semiconductor system, that the sensitivity of ω LSPR to changes in the surrounding dielectric environment tracks with the depletion width, with NCs having the thickest depletion layer being least sensitive to their surroundings. These findings reconcile contradictions in the previous literature regarding LSPR modulation, and establish a general ground to rationally design efficient plasmonic NCs for near-field enhancement, electrochromic, catalysis and transport applications.
The extent of surface depletion ( Fig. 1a ) in semiconductors is determined by the difference between the flat-band Fermi level and surface energy (V bb = E F,fb − E S ), dopant density, and shape and size of the NCs. Effective control over NC geometry, size and doping level is thus crucial to make reliable quantitative assessment of the depletion effect on the LSPR. The first objective thus was to reproducibly synthesize highly uniform Sn:In 2 O 3 NCs with various sizes and doping levels. This goal was achieved by adapting a slow growth method recently developed by the Hutchison group 35 . By varying the injection volume and the ratio of In to Sn precursors, a series of monodisperse NCs with variable diameter (7-15 nm) and doping level (1-10 atomic% Sn) were synthesized ( Fig. 1b , Supplementary Figs. 1,2 and Table 1 ; see Methods for synthetic details). The optical extinction spectra of five representative spherical NCs with average diameters of 13.5 nm demonstrate that LSPR blue-shifts with increasing dopant density (1-10%) ( Fig. 1 ). Fitting of the extinction spectrum with Mie theory based on the Drude dielectric function (Supplementary Table 1 ) indicates that the carrier concentration in the samples varies between 3.48 × 10 20 and 11.2 × 10 20 cm −3 , increasing with Sn content. The presence of a high initial number of free carriers in our NCs and a NC size greater than 7 nm excludes any significant contribution due to quantum effects, thus supporting the continuum analysis and modelling employed later in this work 36, 37 .
To study the role of an applied potential on LSPR properties, uniform thin films of NCs were spin-coated from NC dispersions onto conductive Sn:In 2 O 3 -coated glass substrates and assembled into a custom-designed multi-layer sandwich cell for in situ FTIR SEC measurements (see the Methods and Supplementary Figs. 3-6). The in situ electrochemical cell was designed to allow us to monitor FTIR spectra as a function of applied potential while minimizing absorption due to the electrolyte and contacting electrodes.
Introducing a higher concentration of Sn dopants in the In 2 O 3 lattice results in significant bandgap and band edge modification 38, 39 . The interaction among free carriers and with ionized impurities can give rise to a downward shift of the conduction band edge (E CB ) and an upward shift of the valence band edge (E VB ), resulting in a net electronic bandgap-narrowing effect. The optical bandgap, on the other hand, increases due to filling of the conduction band states as the E F is raised (Burstein-Moss shift). The two competing effects determine the dependence of the optical bandgap and flat-band Fermi level (E F,fb ) on the Sn doping concentration ( Fig. 2a) 39 . The final position of the E F,fb determines the extent of the depletion, and thus the LSPR modulation (V bb = E F,fb -E S ).
The in situ LSPR modulation spectra of NCs with two extreme sizes (average diameter 7.4 and 13.4 nm) and doping levels (1 and 10% Sn, see Table 1 for the actual doping levels) in response to an applied potential are shown in Fig. 2b -e. The LSPR spectra were recorded upon charge saturation after applying a constant potential step for 3 min to ensure a steady-state carrier concentration throughout the NCs ensemble ( Supplementary Fig. 5 ). Strong modulation of the LSPR extinction intensity, resulting from capacitive charging/discharging of the NCs, was observed in all cases irrespective of NC size or doping level. This behaviour is consistent with previous studies on electrochemical modulation 14 and is analogous to photochemical charging of doped metal oxide NCs 9,31,40 . Unlike the extinction intensity, the ω LSPR modulation exhibited significant differences for different doping levels and NC sizes. In the case of 1%-doped-7.4 nm NCs ( Fig. 2b (i)) the increase in the LSPR extinction is accompanied by a significant blue shift of ω LSPR (Δ ω = 704 cm −1 ). In contrast, 10%-doped-7.4 nm NCs show a significantly smaller shift in ω LSPR (Δ ω = 331 cm −1 , Fig. 2d (i)). Moreover, the extent of frequency modulation was dependent not only on the dopant concentration but also on the size of the NCs; Δ ω decreased to 424 and 226 cm −1 for 15.4 nm NCs doped at 1% and 11.5 nm NCs doped at 10%, respectively ( Fig. 2c and e(i)). These trends can, at best, be qualitatively explained only with the assumption of a uniform increase in carrier concentration throughout the NC (refs. 9, 31 ) or the formation of an accumulation layer upon application of a reducing potential 14 . These observations and inconsistencies in understanding of modulation based on prior works 12,14 motivated us to explore the effect of surface depletion on LSPR modulation in greater detail. For different NC dopant concentrations and sizes, we numerically solved Poisson's equation as a function of the applied surface potential (E app ) to evaluate radial band profiles. Poisson's equation was solved in spherical coordinates under the parabolic band assumption 41 (see Methods, Supplementary Information Section 3 and Supplementary Figs. 10,11). Band energies ( Fig. 2a ) as modified by Sn dopant incorporation into the In 2 O 3 lattice, used in this work for band-bending calculations, were referenced from Sn:In 2 O 3 thin film literature 26, 39 . For a given surface potential, the depletion width (W) is expected to decrease with increasing dopant density and size of the NCs. Since we are solving in a spherical geometry, increasing the size of the NC at a given dopant concentration decreases W only slightly, but it substantially decreases the ratio of depleted volume to total nanocrystal volume (V w ). The dependence of V w on size and dopant density is discussed in detail later in this paper. The solution to Poisson's equation shows that at the most oxidizing E app (0.8 eV), W in the case of 1%-doped NCs ( Fig. 2b and c(ii)) is around 4 nm, which decreases to less than 1 nm for 10%-doped NCs ( Fig. 2d and e(ii)). W extends through the majority of the NC volume for lowdoped and small NCs. In contrast, for all NC sizes (6-14 nm) with high dopant concentrations, it is limited to less than 1 nm.
Applying a reducing potential decreases W, with consequences for the spatial distribution of the accumulated charge that depends on both size and doping level. For low-doped-6 nm NCs-in which W initially extends throughout the NC volume-a reducing potential initially results in charging the entire NC, and once W becomes less than the radius of the NC further reduction continues to diminish W, thereby increasing the volume of an undepleted core ( Fig. 2b(ii) ). Carrier concentration profiles based on Poission's equation illustrate these two charging regimes for 1%-doped-6 nm NCs ( Fig. 4b(i) ). Substantial changes in carrier concentration occur throughout the NC as E app is varied, causing the large observed shift in ω LSPR for NCs like these ( Fig. 2b(i) ). For larger NCs (14 nm), where the depletion width is smaller than the radius even before adding charge, charging occurs entirely by increasing the volume of the undepleted core ( Fig. 2c(ii) ). The carrier concentration remains effectively constant within the undepleted core, whereas V w increases substantially, by 87.5%. Therefore, the ω LSPR shift for 14 nm NCs is less than for 6 nm NCs, owing to a smaller change in carrier concentration. The observed blue shift for larger NCs (Fig. 2c(i) ) can be ascribed, in part, to a reduction of the refractive index in the depleted layer as the potential is shifted negatively ( Supplementary Fig. 12a ). Considering the change in the number of carriers implied by the observed modulation in intensity, a proportional change in carrier concentration would result in a significantly larger shift in ω LSPR ( Supplementary Fig. 13 ). Hence, a change in the effective volume of plasmonic material must be invoked to explain the modest Δ ω and large intensity modulation.
In highly doped NCs (for example, 10% Sn, Fig. 2d and e(ii)), W is less than 1 nm at any E app , so the charge carriers are consistently delocalized throughout the majority of the NC volume. However, the narrow depletion layer still consumes most of the injected electrons as these NCs are charged, resulting in a negligible increase in the electron concentration in the core. The relative changes in V w are 70.4 and 42% for 6 and 14 nm NCs, respectively, comparing the most-oxidized to the most-reduced charge state ( Fig. 2d and e(ii) ). Again, a small shift in ω LSPR can be ascribed to the dielectric change in the depletion layer upon charging ( Supplementary Fig. 12b ). Now we take a closer look at the LSPR modulation dependence on the size and doping level, where increases in either would reduce the relative extent of V w . To probe size effects, three sizes of NCs at each of two extreme doping levels (1 and 10%) were prepared and their in situ FTIR SEC spectra were measured. The change in LSPR peak frequency (Δ ω LSPR ) at different potentials versus that at 1.5 V (oxidized state) is shown in Fig. 3 (full spectra are provided in Supplementary Figs. 7,8) . The ω LSPR of low-doped NCs (1% Sn) shifts further to the blue upon charging, with the smallest (7.4 nm) NCs exhibiting the highest Δ ω LSPR of 704 cm −1 . As NC size increases, the depletion region occupies a smaller fraction of the NC volume, resulting in smaller ω LSPR shifts. Likewise, for highly doped NCs (10% Sn) the largest Δ ω LSPR is observed for the smaller, 7.4 nm NCs.
To test the effect of the dopant concentration for a given size, a series of NCs with an average size of 7.8 nm and variable doping densities ranging from 1 to 10% were prepared. The V w , and thus the extent of LSPR frequency modulation, decreases with increasing dopant concentration. The compression of the depletion layer systematically reduces Δ ω LSPR as dopant density increases ( Fig. 3 and Supplementary Fig. 9 ).
To establish a direct correlation between calculated carrier concentration profiles and optical properties, we developed a multiscale model to compute optical properties of individual NCs and of films in the in situ device. The multi-scale optical model allows us to directly relate the expected optical modulation in a device, similar to our experimental design, to the applied potential. Optical properties of NCs with a given radial distribution of carrier concentration were modelled using an effective medium theory ( Fig. 4a and Supplementary Fig. 14) . The effective dielectric function of a NC ϵ ( ) eff was calculated using an iterative core-shell effective medium method (see Supplementary Information Section 5). Importantly, we emphasize that the effective permittivity calculated using the core-shell model is not equivalent to a Drude-type permittivity and cannot be expressed using an effective carrier concentration (see Supplementary Information Section 7 and Supplementary  Figs. 17,18 for further discussion on the validity of the core-shell optical model). We note that the LSPR behaviour slightly changes going from freestanding to assembled NCs due to NC-NC coupling in the film, as well as the convoluted substrate effects. To accurately model the optical property of NCs packed randomly in a thin film, using ϵ eff as the dielectric function of an individual NC, the effective film dielectric function (ϵ _ eff film ) was calculated. (The validity of the Maxwell-Garnet approximation for our films is discussed in Supplementary Information Section 7 and Supplementary  Fig. 18v ,vi.) Furthermore, taking into account the substrate and electrolyte effects, the full device stack (based on the experimental system, Fig. 4a (ii)) transmission and reflectance spectra were then calculated using the T-matrix method employing the SCOUT optical package 18 (www.wthesis.com) (see Methods, Supplementary Information Section 6 and Supplementary Figs. 15,16) . Notably, the intensity and frequency modulation of the LSPR predicted by the model (Fig. 4 and Supplementary Figs. 19-21 ) are in excellent agreement with observed experimental values. The experimental and modelling results compare well across the full range of sizes and doping concentrations. This analysis supports our hypothesis that surface depletion plays a crucial role in determining the LSPR optical properties and their modulation in response to electrochemical charging of NC films.
The correspondence between the shifts of ω LSPR in experimental and simulated thin films is a strong indication that our depletion layer model captures the relevant physics of LSPR modulation. As a result, we can use simulation to study the LSPR modulation process at the single NC level, isolating the NC from substrate-or NC-NC coupling effects. Computational analysis of optical modulation of a single isolated NC (which is not accessible experimentally) will guide future photochemical or electrochemical modulation studies of freestanding NCs. For all sizes and doping levels, ω LSPR shifts of isolated NCs are larger than those in assembled films ( Fig. 5 and Supplementary Figs. 19-21 ). Modelling also reveals the accessible range of intensity modulation. For low doping, the LSPR intensity of the depleted (oxidized) NCs is very low and the intensity increases continuously with reducing potential ( Supplementary Fig. 19 ). In contrast, for highly doped NCs, even the oxidized NCs retain substantial LSPR due to the presence of a significant undepleted core 3 ( Supplementary Fig. 20 ). Simulated optical spectra of an isolated NC clearly show that the dynamic range for modulating LSPR intensity and frequency is maximized for small-sized NCs with a low doping levels due to the large spatial extent of the depletion layer compared to the NC size; the modulation range is reduced with increasing dopant concentration and size ( Supplementary Figs. 19-21 ).
High doping Low doping
In the data presented above, the depletion layer was manipulated through application of an external potential For free standing NCs, the Fermi level at the surface is determined by the surface redox chemistry-that is, the energetics of the surface states. Surface states energetically located below the Fermi level induce a depletion layer, the extent of which depends on the energy difference between E F and the surface states' energy ( Fig. 2a) . A depleted surface region can be envisioned as a shell of a high dielectric constant material, creating a separation between the active plasmonic core and the surrounding medium. This spatial separation is expected to reduce the sensitivity of ω LSPR to changes in the medium dielectric constant. Related phenomena have been reported in ligand-capped or core-shell metal-dielectric systems 16, 42 . The sensitivity (S) of the NC LSPR wavelength (λ LSPR ) to the changes in the surrounding refractive index unit (RIU) is defined as (λ LSPR /RIU) 2 (see Supplementary Information Section 9 and Supplementary Fig. 22 for details) 43 .
To evaluate NC plasmon sensitivity, NCs with various sizes and doping concentrations were dispersed in solvents with refractive indices (n) ranging from 1.3 to 1.55. From the relationship λ = Sn LSPR 2 2 the sensitivity values were extracted and are plotted in Fig. 6a for two different sizes and doping levels from 1 to 10%. As discussed above, the depletion width is higher for smaller NCs and lower doping levels. Therefore, larger sensitivity deviations from the case of a uniform carrier distribution are expected for the smaller, lightly doped NCs. Moreover, for low dopant concentration, there is the strongest dependence of the surface depletion profile on size; as expected this is mirrored in the sensitivity factor ( Fig. 6a) , where the greatest size dependence is seen for 1%-doped NCs. As the dopant concentration increases, the dependence of the sensitivity factor on the NC size reduces, reaching its minimum at the highest doping level (10% Sn), where W is minimized. Thus, the sensitivity perfectly tracks the trend of depletion width, and corroborates the LSPR modulation results discussed above. These results were further confirmed by calculating the plasmon sensitivity for NCs of different size and carrier concentrations considering the depletion effect. The results shown in Fig. 6b show systematic size and doping effects on the plasmon sensitivity, in qualitative agreement with the experimental observations. It is difficult to make a direct comparison between experimental and modelled data as only the tin doping level, but not the carrier concentration, can be directly known for the synthesized NCs. Meanwhile, the carrier concentration is explicitly included in the model. Even with this limitation, our model nicely captures the synergistic effect of size and doping level that leads to our experimental observation and shows the difference between the sensitivity of small-size and large-size NCs is maximum for low-doped NCs, but minimal for high-doped NCs.
Enhancement of the electric field in nanoscale space surrounding metallic nanoparticles is an important effect of LSPR excitation that enables many emerging applications 44 . We hypothesized that surface depletion would significantly influence the near-field enhancement around plasmonic Sn:In 2 O 3 NCs. To evaluate such effects, we calculated the near-field enhancement for 1%-doped-6 nm and -12 nm NCs ( Supplementary Information Section 10) .
The low 1%-doping level was chosen as a test case as it allows the strongest LSPR modulation, exhibits a strong size dependence, and leads to the greatest deviations from ideal sensitivity. Using the radial profile of the dielectric function calculated on the basis of carrier concentrations obtained from Poisson's equation, we numerically solved for the electric field using a finite-element method (see Supplementary Information Section 8 for more information). Near-field enhancement was maximum and size-invariant for the ideal case of undepleted NCs (Fig. 6c) . The presence of a depletion layer reduces the near-field enhancement surrounding the NC, which underlines our earlier observation of reduced sensitivity to the surroundings for such NCs. The near-field intensity enhancement surrounding a 6 nm NC with a 2 nm depletion layer was reduced by 40% compared to the ideal case, while a 14 nm NC with a 2 nm depletion layer had 26% lower near-field enhancement than if depletion were absent. These results underscore the strong influence that depletion has on near-field enhancement, especially as the depletion width becomes comparable to NC size, depleting even the core. Furthermore, depletion introduces a size-dependence to the magnitude of near-field enhancement that is otherwise absent (within the quasi-static limit). The additional presence of near-field localization within the depleted layer may have other implications for optical properties. All of these deviations from ideal expectations of near-field enhancement are expected to influence the interaction of plasmonic NCs with their environment, including coupling to other NCs or oscillators in the vicinity 44 . This aspect of the current study needs further investigation and is a subject of our current ongoing work.
These corroborating experimental and modelling results highlight the impact of surface depletion on the plasmonic properties of doped semiconductor NCs. Here, the Fermi level was adjusted by applying a constant potential to a film of Sn:In 2 O 3 NCs. This allowed us to systematically vary the band bending (V bb ) and monitor its effect on the electron distribution and thus the LSPR behaviour. In the absence of the applied external potential, the Fermi level is defined by the surface redox potential (due to intrinsic surface states or a deliberately added redox couple 24, 31, 45, 46 ). Regardless of their nature, surface states energetically located below the Fermi level induce a depletion layer at the NC surface ( Fig. 2a) . Surface depletion and associated band bending in NCs strongly impacts their potential applications in sensing, electro-optics, and transparent conductors. Surface depletion could also strongly impact carrier transport through NC-based transparent conductors by imposing a potential barrier at NC-NC interface 47 . Strong dependence of LSPR modulation, sensitivity to the surroundings, and near-field enhancement on size and doping concentration of the NCs-all due to surface depletion-highlight the importance of a rational choice of the NCs for a given application. For smart window applications 10, 13 , where the maximum LSPR frequency and intensity modulation is desirable, low-doped and small-sized NCs are preferable. In contrast, for applications such as photon upconversion 48 , SEIRA 30 and sensing 16 where the efficacy depends on LSPR coupling to other optical elements in the vicinity of the NC, surface depletion needs to be minimized. Furthermore, the ability to modulate the sensitivity, near-field enhancement, and LSPR frequency as a function of surface potential, holds great promise for a range of applications, such as electro-optical modulators as well as tunable SEIRA and sensing substrates.
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